Using a combined experimental and theoretical approach, we show that the initial oxidation of a Rh͑553͒ surface, a surface vicinal to ͑111͒, undergoes step bunching when exposed to oxygen, forming lower-index facets. At a pressure of about 10 −6 mbar and a temperature of 380°C this leads to ͑331͒ facets with onedimensional oxide chains along the steps, coexisting with ͑111͒ facets. Further increase of the pressure and temperature results in ͑111͒ facets only, covered by an O-Rh-O surface oxide. Our density functional theory calculations provide an atomistic understanding of the observed behavior.
I. INTRODUCTION
The search for a fundamental understanding of solid surfaces and their interaction with a surrounding gas has been a major research field for decades, motivated by areas such as, e.g., catalysis, corrosion, and thin-film devices. Using model systems such as low-index single-crystal surfaces under ultrahigh-vacuum ͑UHV͒ conditions and carefully controlling the reactant gas abundance on the surface, significant progress has been made in the understanding of adsorbateadsorbate and adsorbate-substrate interactions. 1 A consequence of this surface science approach is the introduction of a pressure and a material gap by which surface properties and reactivity probed and determined under well-defined UHV conditions may not be extrapolated in a straightforward manner to those at realistic reaction conditions. 2 Recently, a large effort has been made to extend these studies of the atomic-scale structure to systems of a complexity at least approaching that found in nature. Structural studies at atmospheric pressures using CO and H have been performed in situ using a number of well-prepared singlecrystal substrates; see, for example, Refs. 3-5. Further, a growing number of studies have concentrated on the in situ oxidation and reactivity of late transition metals. [6] [7] [8] [9] [10] [11] [12] [13] Surprisingly, it has been shown that under realistic conditions, the resulting oxides are more active in CO oxidation than the metal surfaces. 6, 7, 11, 14 Studies of late transition-metal surfaces exposed to high oxygen partial pressures have at the same time led to the discovery of ultrathin well-ordered films of oxides, so-called surface oxides on the surfaces of Ag, Rh, Pd, and Pt. 9, [15] [16] [17] [18] [19] [20] [21] A surface oxide can be viewed as an intermediate state in between the metallic phase and the formation of the bulk oxide. It is clear that the formation of a surface or a bulk oxide completely alters most properties of the originally metallic surface; thus, any information on the oxidation of transition-metal surfaces, and the resulting adsorption and reactivity properties, is valuable. 11, 22, 23 Most of these studies are, however, still limited to singlecrystal low-index surfaces, a condition rarely found in nature, where surfaces normally contain a large number of defects and facets. In fact, a typical metallic particle, used in, for example, catalysis, is expected to oxidize more easily and to a larger extent than a single crystal, forming not only surface oxides resulting in a core-shell structure but also a more complete oxidation of the metal particle. 24, 25 It is, however, not straightforward to experimentally study metal particles on the atomic scale under realistic conditions, as the oxidation behavior can be surprisingly complex. 26 One way to increase the complexity of a surface on the route towards real metal particles is to use vicinal surfaces; see, for example, Refs. 27-30. Such a surface provides a large number of "defects," which in some aspects have properties similar to those expected on metal particles. In particular, the atoms at a step edge of a vicinal surface have a similar ͑under͒coordination as atoms between different facets on a nanoparticle. Because of this undercoordination, atoms at step edges are expected to be more reactive in their interaction with the surrounding gas. We have recently shown that in the case of a Pt͑332͒ surface, the dissociation and sticking probability of the O 2 molecule is enhanced as compared to the ͑111͒ surface, leading to the formation of a one-dimensional ͑1D͒ oxide along the step edge. It could also be shown that the 1D oxide is more reactive in the CO oxidation as compared to the chemisorbed oxygen on the Pt͑111͒ terraces. 31 In this study we show that a combination of experimental and theoretical methods is able to unravel the atomistic mechanisms governing oxygen-induced morphology changes of a vicinal Rh͑553͒ surface. At intermediate oxygen partial pressures, this surface is rearranged into coexisting ͑331͒ and ͑111͒ facets. Along the steps on the ͑331͒ facets, a 1D nanosegmented oxide is formed, while the ͑111͒ facets are covered with oxygen in a ͑2 ϫ 1͒ structure similar to that on the Rh͑111͒ surface. 32, 33 At higher oxygen partial pressures the ͑331͒ facets disappear, and we find ͑111͒ facets only, covered by a two-dimensional O-Rh-O trilayer surface oxide. 9 This demonstrates that large morphological changes, on mesoscopic as well as atomic length scales, can be induced by surprisingly low O partial pressures. In turn this implies that most of the important properties of a catalytic nanoparticle such as its shape, geometrical, and electronic structure may be completely transformed as the particle is exposed to an enhanced gas pressure and/or temperature. This result and its implications for other gas-surface combinations are highly relevant for understanding heterogeneous catalysis, as the detailed atomic geometry and composition of the catalyst surface under working conditions are necessary ingredients in such an understanding. 27, 34, 35 It may also have significant consequences in several common uses of vicinal surfaces such as growth templates for various nanostructures 36 as well as for chiral biomolecules. 37 
II. EXPERIMENT
The low-energy electron diffraction ͑LEED͒ and highresolution core level spectroscopy ͑HRCLS͒ measurements were done using a sample temperature of 90 K at beamline I311 ͑Ref. 38͒ at MAX-lab, Lund, Sweden, using a normal emission angle and photon energies of 380 and 625 eV for the Rh 3d 5/2 and O 1s levels, respectively.
Scanning tunneling microscopy ͑STM͒ images were recorded using a commercial Omicron STM1, operated at room temperature in Lund, Sweden. The STM is positioned inside an UHV system with a base pressure of 1 ϫ 10 −10 mbar. STM tips used in these experiments were all chemically etched tungsten tips. All images shown were recorded in constant current mode.
The surface x-ray diffraction ͑SXRD͒ measurements were carried out at the ID3 surface diffraction beamline 39 at the European Synchrotron Radiation Facility ͑ESRF͒ using a photon energy of 17 keV. The experimental end station used is specifically constructed for studies under high pressures and elevated sample temperatures. 40 The crystal basis used to describe the ͑HKL͒ directions is a monoclinic basis set, which for the ͑553͒ coordinates give a 1 = ͑a 0 /2,a 0 /2,0͒, a 2 = ͑−3/2a 0 ,0,5/2a 0 ͒, and a 3 = ͑5a 0 ,−5a 0 ,3a 0 ͒, expressed as a function of the cubic Rh lattice, with a 1 and a 2 lying in the surface plane and of length 2.687 Å and 11.079 Å and a 3 out of plane with length 29.188 Å. In this basis ␣ = ␤ = 90°and ␥ = 111.333°͑a 0 = 3.80 Å is the bulk Rh lattice constant͒.
III. MODELING
The calculations were performed using the Vienna ab initio simulation package ͑VASP͒. 41, 42 The calculations are based on the projector augmented-wave ͑PAW͒ method 43, 44 and generalized gradient ͑GGA͒ corrections as proposed by Perdew et al. 45 For the plane-wave set a cutoff energy of 250 eV was used. The surface was modeled by a slab consisting of six layers in the ͑111͒ direction. The Brillouin-zone integration was performed using a ͑4 ϫ 8 ϫ 1͒ Monkhorst-Pack grid for Rh͑553͒ and a ͑8 ϫ 8 ϫ 1͒ grid for Rh͑331͒. For the ͑10 ϫ 1͒ reconstructions the number of points was reduced accordingly.
For the determination of the phase diagram the Gibbs free surface energy per area was calculated as
where G slab is the total energy of the slab, N Rh and N O are the number of Rh and O atoms in the slab, and O and Rh are the chemical potentials of O and Rh. Vibrational contributions are neglected, except for O , for which we have used the partition function of the ideal gas. The value Rh is set to the calculated energy of bulk fcc Rh. The 0 K value for O 2 is taken from our total energy calculations. In Fig. 8 , below, O = 0 corresponds to this 0 K limit. The STM simulation was performed using the Tersoff-Hamann approach. 46 
IV. RESULTS AND DISCUSSION
A. Clean surface Figure 1͑a͒ shows a model of the pristine Rh͑553͒ surface which consists of five-atom-wide terraces separated by monoatomic ͕111͖-faceted steps approximately 10 Å apart. Scanning tunneling microscopy, Fig. 1͑b͒ , directly confirms the expected surface structure of the present sample displaying a distance of approximately 10-11 Å between steps. Additional LEED ͓Fig. 1͑c͔͒ and SXRD measurements shown in Fig. 1͑d͒ confirmed the presence of a well-ordered Rh͑553͒ surface. The intensity of the peaks at integer values of K is determined at which L value the bulk Bragg reflection occurs.
B. Faceting and formation of a 1D oxide
Exposing the surface to about 5 ϫ 10 −6 mbar of O 2 at 380°C causes dramatic changes as displayed in the LEED image of Fig. 2͑a͒ . It is still rather straightforward to identify the ͑1 ϫ 1͒ spots ͑large hexagon͒ and an oxygen-induced ͑2 ϫ 1͒ superstructure ͑small hexagon͒ from the ͑111͒ facets; however, a change in the periodicity of the step-induced spots can be detected by measuring the distance between the spots in the K direction. From the LEED pattern, we can conclude that the size of the terraces between the steps has decreased, indicating step bunching. Furthermore, additional spots can be seen, indicating that the surface is reconstructed along the steps, with a periodicity of around 10 .
A more precise determination of the facets can be made by using SXRD; see Figs. 2͑b͒ and 2͑c͒. Figure 2͑b͒ shows K scans parallel to the ͑111͒ terraces at H =0 ͑no momentum transfer parallel to the steps͒ for different L values ͑momen-tum transfer normal to surface͒, plotted using Rh͑553͒ coordinates. Apart from the ͑0,−4,L͒ crystal truncation rod ͑CTR͒, additional rods, which are not constant in K with increasing L, are observed around K = −2 and as shoulders on both sides of the CTR at K = −4. This is direct proof for the formation of facets on the surface, since any facet will give rise to a CTR perpendicular to that facet. 47 Using instead ͑331͒ coordinates ͓Fig. 2͑c͔͒, two of the peaks stay constant at K = −1 and K = −2, respectively, unambiguously demonstrating the presence of ͑331͒ facets. In a similar way, the peak around K = −4.3 in the ͑553͒ coordinates is shown to correspond to ͑111͒ facets, which are also present on the clean ͑553͒ surface, but increase in strength as a result of the step bunching and faceting.
Direct confirmation by STM of these findings is shown in Fig. 3͑a͒ . This image shows an alternation between flat surface areas and areas with a clearly discernable stepped structure. The stepped areas correspond to the ͑331͒ facets while the flat areas are ͑111͒ facets. On the flat areas, a ͑2 ϫ 1͒ superstructure and characteristic rows of the ͑9 ϫ 9͒ trilayer O-Rh-O surface oxide are seen. These observations confirm the above results obtained by diffraction methods; thus, the flat areas are ͑111͒ facets with O-induced ͑2 ϫ 1͒ and ͑9 ϫ 9͒ structures as expected on ͑111͒ terraces. 9, 32, 33 Furthermore, a periodic structure is observed along the steps in the stepped areas of the ͑331͒ facets with a periodicity of around ten interatomic Rh distances, directly confirming the reconstruction along the steps as observed in LEED in Fig. 2͑a͒ .
Concentrating on the reconstruction along the steps as observed in the LEED pattern in Fig. 2͑a͒ , the STM image in Fig. 3͑b͒ from a ͑331͒ facet reveals segmented chains, each containing eight protrusions. The protrusions are shifted by half a nearest-neighbor distance between two adjacent steps. Our model for the segmented chain, Fig. 3͑d͒ , is based on results of Africh et al. 48 for Rh͑110͒-͑10ϫ 2͒. Two out of ten Rh step-edge atoms are removed, leaving segments of eight Rh atoms, stretched out to cover nine original atomic distances, separated by one atomic distance. Furthermore, each step-edge Rh atom is surrounded by four O atoms. This, in combination with a change of the Rh-Rh distance to a value closer to bulk Rh 2 O 3 , makes us refer to this as a one- .   FIG. 2 . ͑a͒ LEED image of the Rh͑553͒ surface after an oxygen exposure of 5 ϫ 10 −6 mbar for 600 s at a sample temperature of 380°C. The ͑1 ϫ 1͒ ͑large hexagon͒ and ͑2 ϫ 1͒ ͑small hexagon͒ from the ͑111͒ facets and the ͑1 ϫ 1͒ from the oxygen-induced ͑331͒ facets are indicated. ͑b͒ and ͑c͒ SXRD scans from the oxygen-exposed surface in the K direction with H = 0 plotted in ͑553͒ and ͑331͒ coordinates, respectively. dimensional oxide. The observed shift between chains on adjacent steps is not present on Rh͑110͒-͑10ϫ 2͒, but confirms the presence of ͑331͒ facets, since such a shift is intrinsic to this surface. Figure 3͑c͒ shows the STM image as simulated by density functional theory 46 ͑DFT͒ according to the model presented in Fig. 3͑d͒ and further discussed below. Here, the gap shift between adjacent steps is, for simplicity, chosen to be in the same direction all the time, while in the experimental data, the shift direction is varying, forming a zigzag pattern. Our DFT calculations do not show any energy difference between these two cases. Except for this difference, the similarity between theory and experiment is good, strongly supporting the model in Fig. 3͑d͒ . Figure 4 shows the HRCLS results from the ͑331͒-faceted surface. The O 1s spectrum reveals a single component at a binding energy of 529.7 eV, while the Rh 3d 5/2 spectrum is decomposed into four different components. Starting with the O 1s component, the single peak can be explained by all O atoms being coordinated to three Rh atoms according to our model. The Rh 3d 5/2 spectrum is more complex. As mentioned above, on the ͑111͒ terraces we have a ͑2 ϫ 1͒ structure which has been described for the Rh͑111͒ surface, together with the corresponding core-level shifts, by Ganduglia-Pirovano et al. 32 This structure has two kinds of Rh atoms, coordinated to one and two oxygen atoms, respectively, giving rise to the peaks denoted 1O and 2O in Fig. 4 . The remaining component can therefore be assigned to the Rh atoms at the step edges, which are all coordinated to four O atoms shifting the component towards higher binding energy. In passing we note that a simple additive model 49 would result in a shift between the 2O and 4O components twice as large as that observed. A similar effect of a smaller than expected shift of the metal core levels was also observed 31 for the case of the one-dimensional oxide on Pt͑332͒. These details regarding the magnitude of the core level shifts of the 1D oxide will be discussed together with changes in the electronic structure along the 1D nano-oxide chain in a separate article. 50 In summary, the HRCLS measurements confirm the model presented in Fig. 3͑d͒ .
C. Formation of (111) and "111… facets
Exposing the Rh͑553͒ surface to an O 2 pressure of 10 −3 mbar at a temperature of 550°C results in a LEED pattern very similar to that of the ͑9 ϫ 9͒ surface oxide structure previously found on Rh͑111͒ ͑Ref. 9͒; see Fig. 5͑a͒ . The fact that we see the ͑9 ϫ 9͒ coincidence also in the direction perpendicular to the steps indicates that the ͑111͒ facets are more than nine atoms wide. Figures 5͑b͒ and 5͑c͒ show SXRD scans parallel to the ͑111͒ surface at H = 0 and different L values plotted using the ͑553͒ and ͑111͒ coordinates, respectively. At these O partial pressures, the ͑331͒ CTR's have disappeared and the ͑111͒ CTR has increased in intensity, indicating larger and more well-ordered ͑111͒ terraces. This result demonstrates that the steps merge to form Rh͑111͒ and equivalent ͑111͒ facets ͓compare Fig. 6͑b͔͒ . Furthermore, we also find a new peak at K = −0.89 r.l.u. ͑where r.l.u. stands for reciprocal lattice units͒ in the ͑111͒ frame. This is exactly the value found for the surface oxide on Rh͑111͒, 9 confirming the formation of the ͑9 ϫ 9͒ surface oxide on the ͑111͒-faceted surface.
The high-resolution core-level spectroscopy results ͑Fig. 6͒ also show good agreement with those recorded for the Rh͑111͒-͑9 ϫ 9͒, 8 remaining. These facets are covered by the trilayer surface oxide.
D. Theoretical insights
To gain insight into the details of the driving force for the oxygen-induced faceting and successive merging of the steps, we turn to ab initio DFT calculations. As well for Rh͑553͒ as for Rh͑331͒ the stable oxygen structures have been determined by comparing several adsorption configurations for an successively increased oxygen coverage. The energetically most stable structures have been used to construct a phase diagram as described in Sec. III. Thus, we have calculated a comprehensive surface phase diagram considering Rh͑553͒, a reconstruction of the Rh͑553͒ surface into Rh͑331͒ and Rh͑111͒ facets, and finally into facets showing exclusively Rh͑111͒ and Rh͑111͒ orientation ͓Fig. 7͑a͔͒.
In the low-coverage limit on Rh͑553͒ the oxygen atoms are predicted to adsorb in hollow sites located above the step edge ͓Fig. 7͑b͔͒. Due to the influence of the step, the DFT adsorption energy of 2.20 eV is slightly larger than the calculated value for the clean ͑111͒ surface, 2.05-2.11 eV. 33 Adsorption at the lower step edge is found to be rather unfavorable ͑1.78 eV͒.
With increasing oxygen coverage the terrace is successively filled via a local p͑2 ϫ 2͒ structure until the adsorbateadsorbate repulsion on the terraces is high enough for occupation of the lower steps to become favorable, leading to a coexistence of a p2mg-like zigzag structure on the steps and a p͑2 ϫ 1͒ structure on the terraces ͓Fig. 7͑c͔͒. If the oxygen coverage is increased further, the above-mentioned ͑10ϫ 1͒ phase is formed at the step edge and the terraces remain covered by a local ͑2 ϫ 1͒ phase ͓Fig. 7͑d͔͒.
Oxygen adsorption on the ͑331͒ surface proceeds in a similar manner. At low coverages, the oxygen atoms adsorb FIG. 5 . ͑a͒ LEED image of the Rh͑553͒ surface after an oxygen exposure of 5 ϫ 10 −3 mbar for 600 s at a sample temperature of 550°C. The diffraction spots from the ͑9 ϫ 9͒ structure on the ͑111͒ facets strongly indicate increased step bunching. ͑b͒ and ͑c͒ SXRD scans from the oxygen-exposed surface in the K direction with H = 0 plotted in ͑553͒ and ͑111͒ coordinates, respectively. The peak at K = −0.89 in ͑c͒ shows the presence of the ͑9 ϫ 9͒ surface oxide found on Rh͑111͒ ͑Ref. 9͒ on the ͑111͒ facets.
FIG. 6. ͑Color online͒ ͑a͒ HRCL spectra from the Rh͑553͒ surface after an oxygen exposure of 5 ϫ 10 −3 mbar for 600 s at a sample temperature of 500°C. The spectra strongly indicate the presence of the ͑9 ϫ 9͒ structure on the ͑111͒ facets. ͑b͒ Model of the completely ͑111͒-and ͑111͒-faceted Rh͑553͒ surfaces with the surface oxide structure on the surface. at the step edge with an adsorption energy of 2.18 eV ͓Fig. 7͑e͔͒, followed by a p2mg-like decoration of the steps ͓Fig. 7͑f͔͒ and finally the same ͑10ϫ 1͒ reconstruction with two out of ten Rh step atoms missing ͓Fig. 7͑g͔͒. The important point here is that this phase is significantly more stable on Rh͑331͒ than on Rh͑553͒. On Rh͑553͒, the one-dimensional surface oxide at the steps coexists with a p͑2 ϫ 1͒ structure on the terraces. The simultaneous existence of the p͑2 ϫ 1͒ structure on the terraces and the 1D oxide at the steps leads to a high local O concentration in the vicinity of the steps; see Fig. 7͑d͒ . On Rh͑331͒, however, the step edges are exclusively covered, because the terraces are too narrow to accommodate additional oxygen. The effective surface coverage for the Rh͑331͒-͑10ϫ 1͒ is nevertheless larger than for the Rh͑553͒-͑10ϫ 1͒ ͑0.107 oxygen/ Å 2 compared to 0.094͒. The driving force for the step bunching is the unfavorable interface between the p͑2 ϫ 1͒-O structure on the terrace and the one-dimensional surface oxide at the edges. When the terrace areas of the ͑553͒ surface "bunch" together to form large continuous ͑111͒ areas with a local p͑2 ϫ 1͒-O adatom structure, interfaces between the p͑2 ϫ 1͒-O and the reconstructed step edge are minimized, as illustrated in Fig. 7͑a͒ ; originally each ͑553͒ unit cell exhibits an interface, while after the step bunching the stepped ͑331͒ and the flat ͑111͒ areas are separated. Figure 8 shows the phase diagram comparing the Gibbs free surface energy of oxygen adsorbed on Rh͑553͒ to a combination of Rh͑331͒ and Rh͑111͒ areas, yielding the same average macroscopic crystallographic orientation. The Gibbs free energies of the Rh͑553͒ and the Rh͑331͒ +Rh͑111͒ surfaces are almost degenerate for most coverages with equivalent structures on both surfaces. However, a large driving force towards Rh͑331͒ is observed around a chemical potential of = −1.1 eV, its origin being the unfavorable interface. In fact the experimental conditions ͑5 ϫ 10 −6 mbar, 380°C͒ correspond to a chemical potential of = −1.18 eV, close to our calculated value.
When the chemical potential is increased even further, the whole surface is predicted to reconstruct into Rh͑111͒ surface areas covered with the ͑9 ϫ 9͒ surface oxide as this allows for the highest oxygen content per area. In this case, the increase in effective surface area ͓compare Fig. 7͑a͔͒ is more than made up for by the increased stability of the surface oxide on Rh͑111͒. Although we find that step bunching is thermodynamically favorable in a small regime before the onset of the surface oxide, a large driving force exists only for chemical potentials at which the surface-oxide covered ͑111͒ facets are already stable.
V. CONCLUSION
The results presented above demonstrate that the initial oxidation of Rh͑553͒ on the atomic scale involves step bunching, rearranging the surface into lower-index facets. Increasing the oxygen partial pressure sufficiently, the Rh͑553͒ surface becomes unstable towards a separation into ͑331͒ and ͑111͒ facets coexisting on the surface. As well for the ͑10ϫ 1͒ one-dimensional oxide structure on the ͑331͒ facets as for the ͑2 ϫ 1͒ structure on the ͑111͒ facets the experimental data agree perfectly with the theoretical predictions. In the first stage, this leads to ͑331͒ and ͑111͒ facets coexisting on the surface, where the ͑331͒ facets show a ͑10ϫ 1͒ one-dimensional oxide structure, while the ͑111͒ facets display a ͑2 ϫ 1͒ structure. At higher O 2 exposures the surface is completely rearranged into ͕111͖ facets covered by the ͑9 ϫ 9͒ surface oxide, allowing for the highest oxygen content per area. Again, for these observations the experimental and theoretical results show remarkable agreement. The study demonstrates how a combination of several experimental techniques and state-of-the-art DFT calculations can lead to a detailed understanding of complex gas-induced surface rearrangements also on more mesoscopic length scales. The results show that the precise matching of the terrace and step structures is of key importance for the understanding of the physics of rough surfaces. They also indicate that the defect structure of a nanoparticle used, e.g., for catalysis as well as vicinal template surfaces used for the study of nanostructures and chiral biomolecules may be significantly rearranged in the presence of surprisingly low amounts of oxygen.
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